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Executive Summary

2

Å A pressure-fed LO2/LCH4 Reaction Control System (RCS) was tested as part of 
the Integrated Cryogenic Propulsion Test Article (ICPTA) at NASA GRC Plum 
Brook Station in the Spacecraft Propulsion Research Facility (B-2)

Å 40 tests were performed with 1,010 individual RCE pulses across a range of 
conditions
Å Simulated altitude (ambient temperature, approximately 30 torr)
Å Thermal vacuum (-320 °F cold wall, 6 torr)

Å Transient fluid dynamic data was obtained for RCE operation and priming using 
dynamic pressure transducers in the manifolds

Å Transient thermal data was obtained for various operating regimes using a suite 
of skin-mounted and submerged thermocouples

Å Data obtained will be used to anchor thermal/fluid models with specific 
emphasis on validating a water hammer model to predict valve opening and 
closing transients

Å Demonstrated RCS engine ignition and system operation over a wide range
Å Gas-gas operation
Å Two-phase (self-conditioning) and liquid-liquid operation
Å Ignition issues at thruster body temperatures less than -160 °F -> may 

require thruster heater unless design is improved IPCTA on the way into B-2



ICPTA Overview
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Å Integrated Cryogenic Propulsion Test Article (ICPTA) propulsion elements:
Å CƻǳǊ пуέ ŘƛŀƳŜǘŜǊ рлуо ŀƭǳƳƛƴǳƳ ǇǊƻǇŜƭƭŀƴǘ ǘŀƴƪǎ όǘǿƻ ǇŜǊ ŎƻƳƳƻŘƛǘȅύ 

with integral slosh baffles
Å Tanks and feedlines insulated by 6mm layer of PyrogelXT, surrounded by 9 

layers of MLI consisting of 1 mil polyester film (PET) radiation barrier and 2 
layers of polyester B4A netting spacers

Å 2,800 lbf-thrust pressure-fed main engine
Å Reaction control system with 4 engines (roll control)
Å Pressurization system composed of cryogenic high pressure helium stored 
ƛƴ мфέ !ƭ-lined COPV, heated by engine-mounted heat exchanger before 
propellant tanks

Å Add-on hardware for Plum Brook testing included: Propellant Mass Gauging 
experiment, tank chill experiment

Å Leverages propulsion system hardware from Project Morpheus (2011-2014): 
same vehicle structure, propellant tanks, feed system, avionics, flight computer
Å Additional modifications made for thermal vacuum environment (100:1 

nozzle extension, APU moved outside of test cell, new wiring, etc.)
Å Over 320 sensors to measure temperature, pressure, flow rate, force and 

strain data (most added for this test)
ICPTA integrated in B-2 facility



ICPTA Schematic
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RCS Design
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RCS pod with one 28 lbf RCE (left) and one 7lbf RCE (right) 
uninsulated

RCS feed line layout

Å One 7 lbf-thrust and one 28 lbf-thrust engine are located outboard of each LCH4 
tank (4 engines total)
Å 28 lbf-thrust (vacuum) RCE is heritage Morpheus hardware with new 

vacuum nozzle
Å 7 lbf-thrust (vacuum) RCE is sized for Morpheus-based lander application in 

space (no high aero-torques)
Å Engines are designed to handle wide range of propellant inlet conditions 

from gas-gas (short duration) to liquid-liquid (steady-state) over a wide 
range of pressures (350 psig down to 150 psig)

Å Common feed system with main engine
Å RCS manifolds tap off from main engine feedline downstream of isolation 

valves

Å TVS is used to chill-in manifolds and engine pods
Å J-T expansion orifice with cold vented products routed through tubing that 

is welded to RCS manifold to efficiently reject heat

Å Coil-on-plug ignition system
Å Developed from off-the-shelf automotive hardware
Å Vacuum potted; inductive discharge coils
Å No high-voltage lead, preventing corona discharge issues



Summary of Previous RCS Testing
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Å 5,300+ individual RCE ignitions during Project Morpheus

Å Development testing occurred on CryoCart, a JSC asset capable of running LO2/LCH4 engines less than 100 lbf
Å 2012-2013 development cycle: 1,641 ignitions in 1,895 attempts

Å Morpheus 1.5B free-flight testing: 1,299 ignitions in 1,306 attempts
Å 3,713 ignitions in 4,276 attempts across all vehicle development tests
Å Fleet leader had 1,134 successful ignitions

Å Additional CryoCarttesting was performed prior to Plum Brook, utilizing a vacuum pipe to allow for qualification testing of new 
coil-on-plug igniter hardware and vacuum nozzles
Å Ignition was demonstrated in ambient pressure conditions from 50 torr to 0.03 torr

CryoCartdevelopment testing during Project Morpheus IR imagery showing RCE firing on Morpheus vehicle Vacuum pipe ignition demonstration on CryoCart



Test Overview/Instrumentation
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Å Major objectives for Plum Brook RCS testing included:
Å Manifold priming dynamics
Å Manifold thermal conditioning
Å Water hammer characterization
Å Main engine/RCS system interaction
Å TVS performance
Å Engine performance in cold-thermal environment
Å Coil-on-plug ignition system demonstration RCS pod sensor locations

Type: Submerged TC Weld-on TC Stick-on TC Static PT Dynamic PT

Number: 4 12 16 4 6

Model: Omega Type-T Omega Type-K Omega Type-T Omega PX-309 Kulite CTL-190

Location(s): RCE inlets RCE nozzlethroat Various manifold locations RCE Chamber Manifold tap-off and pods

Å 40 tests were performed consisting of 1,010 individual RCE pulses across a range of duty cycles and propellant conditions
Å 864 pulses under simulated altitude (ambient-thermal) conditions in the 20-50 torr range 
Å 23 pulses under thermal vacuum conditions at approximately 6 torr with the cold wall at -320 °F
Å MIB pulsing (coast mission phase), high duty cycle pulsing (ascent/landing mission phase), and steady-state operation
Å Gas-gas, saturated/gas-liquid, and liquid-liquid inlet conditions
Å 7 ME+RCS simultaneous tests

Å RCS instrumentation:



Test Video
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Fluid Transients: RCE Operation
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Å Transient response was measured using dynamic pressure transducers for 
various thruster operation scenarios:
Å Gaseous/saturated propellant conditions in thruster manifold
Å Chilled-in manifolds during (ambient-thermal and cold soak testing)

Å It was found that in general, the valve opening transient created a larger 
follow-on pressure peak than the valve closing transient

Å Valve closing peaks were best characterized by engine shutdown after 
steady-state operation when the engines had fully chilled-in
Å Pressure peak amplitude for a 5 second test on each engine:

Å This data agrees with Joukouskyprediction for pressure surge (based 
on instantaneous valve closure and compressible fluid), within 
measurement uncertainty

Typical water hammer for 0.5 second pulse

Jet 1 (7 lbf) Jet 2 (28 lbf) Jet 3 (28 lbf) Jet 4 (7 lbf)
28 lbf

prediction

7 lbf

prediction

Oxygen 18 psid 79 psid 91 psid 23 psid 72 psid 20 psid

Methane 33 psid 115 psid 97 psid 24 psid 140 psid 35 psid

Å Valve closing peaks during shorter pulses or saturated propellant operation showed more variability due to secondary 
interactions, but were typically lower in magnitude

Å High peak pressure amplitudes were observed during cold-thermal testing, likely as a result of the less compliant fluid 
environment



Fluid Transients: RCE Operations
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Å After the initial trough from valve opening, a large amplitude follow-
on pressure peak typically resulted

Å The high magnitude valve opening transient is theorized to be the 
result of cavity formation/collapse
Å During ambient-thermal testing, this is due to a small pocket of 

gaseous propellant near the thruster valve inlet that collapses 
upon valve opening

Å During cold soak testing, this is due to the initial onrush of 
propellant into the thruster manifold at a much higher rate than 
under steady engine operation

Å Additional effects of cavity collapse were observed during operation 
when pressure troughs from the opposite pod dropped below the 
local vapor pressure
Å The follow-on peak in these instances was more severe and 

contained a secondary peak that is thought to be due to cavity 
collapse (column separation)

Å The high magnitude opening transients resulted in mixture ratio 
variation during the ignition startup since LO2 and LCH4 manifolds had 
different natural frequencies

Oxygen manifold pressure trace for engine firing from nearby and opposite RCEs


